The mechanisms by which restraint stress impairs oocyte developmental potential are unclear. Factors causing differences between the developmental potential of oocytes with surrounded nucleolus (SN) and that of oocytes with nonsurrounded nucleolus (NSN) are not fully characterized. Furthermore, the relationship between increased histone acetylation and methylation and the increased developmental competence in SN oocytes is particularly worth exploring using a system where the SN configuration can be uncoupled (dissociated) from increased histone modifications. In this study, female mice were subjected to restraint for 24 or 48 h or for 23 days before being examined for oocyte chromatin configuration, histone modification, and development in vitro and in vivo. Results showed that restraint for 48 h or 23 days impaired NSN-to-SN transition, histone acetylation and methylation in SN oocytes, and oocyte developmental potential. However, whereas the percentage of stressed SN oocytes returned to normal after a 48-h postrestraint recovery, neither histone acetylation/methylation in SN oocytes nor developmental competence recovered following postrestraint recovery with equine chorionic gonadotropin (eCG) injection. Priming unstressed mice with eCG expedited oocyte histone modification to an early completion. Contrary to the levels of acetylated and methylated histones, the level of phosphorylated H3S10 increased significantly in the stressed SN oocytes. Together, the results suggest that 1) restraint stress impaired oocyte potential with disturbed histone modifications; 2) SN configuration was uncoupled from increased histone acetylation/methylation in the restraint-stressed oocytes; and 3) the developmental potential of SN oocytes is more closely correlated with epigenetic histone modification than with chromatin configuration.
INTRODUCTION
During their intrafollicular growth, oocytes synthesize and accumulate a large number of mRNAs and proteins required for meiotic maturation and early embryonic development. Concomitant with their increase in size, oocytes undergo changes in chromatin configuration and epigenetic modifications such as histone acetylation and methylation (acetylation/methylation). The fully grown germinal vesicle (GV) stage oocytes of mice are grouped into two classes based on their chromatin configuration, the nonsurrounded nucleolus (NSN) and the surrounded nucleolus (SN) oocytes. Although the nonsurrounded nucleolus (NSN) oocytes have less condensed chromatin, which does not form a heterochromatin rim around the nucleolus, the SN (surrounded nucleolus) oocytes show condensed chromatin that is particularly confined around the nucleolus [1] [2] [3] [4] . Generally, oocyte competence appears to be influenced primarily by epigenetic factors that control overall gene expression while significantly modifying GV chromatin configuration [5] [6] [7] [8] . For example, fully grown GV oocytes must end an NSN configuration before gaining full meiotic competence, and they must take on an SN configuration and stop gene transcription before having the capacity to sustain blastocyst formation [6] . However, the factors underlying the biological differences between meiotic and developmental competence in NSN and SN oocytes are not fully characterized [9] .
According to the general rule that histone acetylation leads to relaxation of chromatin structure and thus correlates with gene activation, whereas histone deacetylation leads to condensation of chromatin structure and thus correlates with gene repression [10] , the core histone tails of GV chromatin should become less acetylated as oocytes grow, because chromatin condenses and gene expression is silenced during oocyte growth. However, the level of histone acetylation in the SN mouse oocytes was shown to be either similar to or even higher than that in NSN oocytes [11] [12] [13] . Furthermore, methylation of H3K4 and H3K9 increased during growth of mouse oocytes and the fully grown GV oocytes showed the most modifications [12] . Because it is known that methylation of H3K4 and H3K9 is involved in the activation and suppression of gene expression, respectively [10] , the increase in methylated H3K4 also contradicts the decrease in transcriptional activity with oocyte growth. The significance of the increase in histone acetylation and methylation with oocyte growth is not known, and its relationship with oocyte chromatin configuration and competence is particularly worth exploring using a system where the SN configuration can be dissociated from these histone modifications.
Studies suggest that psychological stress can be harmful to reproduction in women [14] [15] [16] [17] [18] [19] . Restraint of animals is an experimental procedure developed for studies of psychogenic stress [20, 21] . Mice and rats exposed to restraint stress during pregnancy show impaired function of corpora lutea and reduced pregnancy rates and litter sizes [22] [23] [24] . However, evidence of the direct effect of psychological stress on the oocyte are limited. Although our recent studies showed that restraint stress in female mice caused chromosome abnormalities and impaired the developmental potential in oocytes [25, 26] , the underlying mechanisms are unknown. Because mature oocytes develop from GV oocytes, we hypothesized that the defects observed in stressed mature oocytes must have arisen at the GV stage and, thus, an examination of GV chromatin configuration and epigenetic modifications of restraint-stressed oocytes would contribute to our understanding of the mechanisms by which psychological stress damages oocytes.
The objective of the present study was to examine the effects of restraint stress on earlier stages of oocyte development, focusing specifically on the NSN-to-SN transition and the acquisition of certain histone modifications.
MATERIALS AND METHODS
Unless otherwise specified, all chemicals and reagents used in the present study were purchased from Sigma Chemical Co.
Mice and Restraint Treatment
Mice of the Kunming strain were kept in a room with a 14L:10D light-dark cycle, the dark starting from 2000 h. Animals were handled by the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University.
Female mice at the age of 8 weeks were subjected to acute restraint stress for 24 or 48 h, whereas those at the age of 6 weeks were treated with chronic restraint for 23 days. For acute restraint treatment, an individual mouse was put in a micro-cage constructed by the authors [25] , which was placed in an ordinary home cage. The micro-cage offered the same photoperiod and controlled temperature as in the large home cage for the unstressed animals. While in the micro-cage, mice could move back and forth to some extent and could take food and water freely, but they could not turn around. Chronic restraint treatment also was performed using the same micro-cage system with restraints administered once daily between 08:00 and 16:00 h for 23 days.
Gonadotropin Injection and Oocyte Recovery
At the end of restraint, mice were either euthanized to collect oocytes for examination for chromatin configuration and histone modifications or injected with equine chorionic gonadotropin (eCG; 10 IU i.p.). At 48 h after eCG injection, some mice were euthanized to recover oocytes for in vitro maturation or for examination of chromatin configurations and histone modifications, and other mice were injected with human chorionic gonadotropin (hCG; 10 IU i.p.) and caged with males to recover embryos for observation and transfer.
Observation of Oocyte Chromatin Configurations
Mice were euthanized either immediately at the end of the restraint treatment or at 48 h after eCG injection, and the large follicles on the ovary were ruptured in M2 medium to release cumulus-oocyte complexes (COCs). Only COCs with more than 3 layers of unexpanded cumulus cells and containing oocytes larger than 70 lm in diameter and with a homogenous cytoplasm were selected for observation. Selected oocytes were stripped of their cumulus cells by pipetting in M2 containing 0.1% hyaluronidase, and the cumulus-free oocytes were stained for 5 min with 10 lg/ml Hoechst 33342 in M2 medium. Stained oocytes were then mounted on a glass slide and observed for GV chromatin configurations under a fluorescence microscope.
Oocyte Maturation In Vitro
At 48 h after eCG injection, mice were euthanized, and COCs were recovered and selected for in vitro maturation as described above. After being washed three times in M2 and once in the maturation medium, the selected COCs were cultured in groups of approximately 30 oocytes in 100 ll drops of maturation medium at 378C in a humidified atmosphere of 5% CO 2 in air. The maturation medium used was tissue culture medium-199 (TCM-199; Gibco) supplemented with 10% (v/v) fetal bovine serum (Gibco), 1 lg/ml 17b-estradiol, 24.2 mg/ml sodium pyruvate, 0.05 IU/ml follicle-stimulating hormone, 0.05 IU/ml luteinizing hormone, and 10 ng/ml epidermal growth factor.
Oocyte Activation and Embryo Culture
At 24 h of maturation culture, oocytes were stripped of their cumulus cells by pipetting in M2 medium containing 0.1% hyaluronidase. After being washed twice in M2 and once in the activating medium (Ca 2þ -free ChatotZiomek-Bavister [CZB] medium supplemented with 10 mM SrCl 2 and 5 lg/ml cytochalasin B), the oocytes were incubated in the activating medium for 6 h at 378C in a humidified atmosphere with 5% CO 2 in air. At the end of activation treatment, oocytes were examined with a microscope for evidence of activation. Oocytes were considered activated when each contained 1 or 2 well-developed pronuclei. Activated oocytes were cultured for 4 days in regular CZB (30-35 oocytes per 100-ll drop) at 378C under humidified atmosphere with 5% CO 2 in air. Glucose (5.5 mM ) was added to CZB when embryos were cultured beyond 3-or 4-cell stage. Embryos were examined at 48 h and at 96 h after activation treatment to record the number of 4-cell embryos and blastocysts, respectively.
Cell Counting
To count the cell number per blastocyst, blastocysts recovered at 96 h after activation were stained for 20 min with 10 lg/ml Hoechst 33342 dye in M2 medium. Stained embryos were transferred to a small droplet of M2 on a clean microscope slide and covered with a glass coverslip with two opposite edges rimmed with petroleum jelly (Vaseline). The coverslip was gently lowered until contact was made with the droplet. Then, the embryo was squashed by placing additional pressure on the coverslip until the droplet spread and the embryo compressed to a thickness of 1 or 2 cell layers. Almost all cell nuclei were clearly visible (Fig. 1) when the mounted blastocysts were observed with a fluorescence microscope (Leica Microsystems), and focus adjustment was only occasionally necessary to visualize all nuclei. Results of cell counting were always double-checked to ensure accuracy.
Collection and Transfer of In Vivo Embryos
Immediately following hCG injection, female mice were placed with males overnight and then examined the next morning (day 0 post-coitus [p.c.]) for vaginal plugs. On the afternoon of day 3 p.c., female mice that had shown vaginal plugs were euthanized, and their uteri were flushed for embryos. After the numbers of blastocysts obtained per mouse were recorded, blastocysts from some of the donors were transferred to surrogate mothers, while others were used for blastocyst cell counting. For embryo transfer, pseudopregnant recipients were prepared as reported previously [27] . The day 3.5 p.c. embryos were transferred into the uterine horns of the day 2.5 p.c. pseudopregnant recipients. Fifteen embryos were transferred to each recipient (n ¼ 7 or 8 embryos per uterine horn).
Immunofluorescence
All oocytes used to observe modifications in the same histone site were processed and observed on the same day. In the experiment comparing histone modifications after different restraint treatments of mice, cumulus-free oocytes were fixed for 1 h with 4% paraformaldehyde before permeabilization with 
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0.5% Triton X-100 for 15 min. In the experiment comparing histone modifications at different times after eCG injection, however, oocytes were fixed for different times, with those collected earlier being fixed for longer times in order to process oocytes in different groups for observation at the same time. After permeabilization, the oocytes were blocked for 1 h in Dulbeccophosphate-buffered saline containing 3% BSA and 0.1% Tween-20. Then, oocytes were incubated with rabbit polyclonal anti-acetyl-H3K14 or H4K12 (1:200 dilution; Upstate Biotechnology) or with rabbit polyclonal anti-dimethy-H3K4 (1:400 dilution; Epigentek) or H3K9 (1:100 dilution; Epigentek) at 48C overnight. These primary antibodies were detected by incubation for 1 h with tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat-anti-rabbit immunoglobulin G (IgG) in the blocking solution (1:800 dilution; Upstate Biotechnology). Oocytes were then stained for 5 min with 10 lg/ml Hoechst 33342 to visualize the DNA. Finally, the oocytes were mounted on a glass slide and observed with laser confocal microscopy (TCS SP2; Leica Microsystems). When mounting oocytes onto slides, care was taken to ensure that oocytes on different slides were compressed to the same extent and had a similar thickness. Blue diode (405 nm) and He/Ne (543-nm) lasers were used to excite Hoechst and TRITC, respectively. Fluorescence was detected bandpass emission filters at 420-480 nm (Hoechst) and at 560-605nm (TRITC), and signals were recorded as blue and red, respectively.
The relative levels of histone acetylation and methylation were quantified by measuring fluorescence intensities. For each experimental series, all images were acquired with identical settings. Within the GV of each oocyte, a single plane with maximum amount of chromatin and maximum fluorescence intensity was selected for photography for further analysis. Relative intensities were measured on the raw images by using Image-Pro Plus software (Media Cybernetics Inc.) under fixed thresholds across all slides. Both the fluorescence density and the area of the objects giving fluorescence were measured, and the mean relative intensity of fluorescence was calculated for each oocyte. For each histone modification site, the average relative fluorescence of the NSN, intermediate nucleolus (IN), or SN oocytes from unstressed mice without eCG injection was set to 1, and the averages of oocytes from other treatments within the same chromatin configuration group were expressed relative to this value.
Western Blot Analysis of Histone Phosphorylation
Cumulus-free oocytes were placed in drops of M2 containing 1 lg/ml Hoechst 33342 on a glass slide and stained for 2 min before observation for GV chromatin configurations under a fluorescence microscope. Oocytes showing SN configurations were selected for Western blot analysis. Selected SN oocytes (n ¼ 700) were placed in a 1.5-ml microfuge tube containing 20 ll of sample buffer (20 mM Hepes, 100 mM KCl, 5 mM MgCl 2 , 2 mM dithiothreitol, 0.3 mM phenylmethyl sulfonyl fluoride, 3 lg/ml leupeptin, 5 mM NaF, pH 7.5) and frozen at À808C until use. For protein extraction, 5 ll of 53 SDS-PAGE loading buffer was added to each tube, and the tubes were heated (1008C for 5 min). Total proteins were separated on a 12% polyacrylamide gel by SDS-PAGE and transferred electrophoretically onto polyvinylidene fluoride membranes. The membranes were washed twice in TBST (150 mM NaCl, 2 mM KCl, 25 mM Tris, 0.05% Tween 20, pH7.4) and blocked for 1 h with TBST containing 3% BSA. The membranes were then incubated at 48C overnight with phosphohistone H3 (Ser10; D2C8) XP rabbit monoclonal antibody (mAb; product 3377; 1:1000 dilution; Cell Signaling Technology). After being thoroughly washed, membranes were incubated for 2 h at 378C with alkaline phosphatase goat anti-rabbit IgG (heavy þ light chains, HþL; 1:1000 dilution; Zhongshan Golden Bridge Biotechnology Co., Ltd.). After three washings in TBST, signals were detected by a 5-bromo-4-chloro-3-isdolyl phosphate/nitro blue tetrazdiom (BCIP/NBT) alkaline phosphatase color development kit (product C3206; Beyotime Institute of Biotechnology). Relative quantities of protein were determined with Image-Pro plus software by analyzing the sum density of each protein band image. The quantities of oocytes from unstressed mice without eCG treatment were arbitrarily set at a value of 1, and the values of stressed mice was expressed relative to this quantity. The quantity of b-actin was used for internal control. Each treatment was repeated 3 times with each replicate containing 700 oocytes.
Hormone Assay
Mice were euthanized by decollation, and trunk blood (approximately 1 ml) was collected into ice-cooled centrifuge tubes. Blood collection from stressed and control mice was always completed within 40 sec after their release from the prey cage. Immediately after collection, the blood samples were centrifuged (1700 3 g for 10 min) at 48C to separate serum. The serum collected was stored at À808C until assayed for hormones. Serum cortisol levels were measured by radioimmunoassay at the Central Hospital of Tai-an City, using kits from WeiFang (3V) Bioengineering Co. Ltd.. The minimum level of detection of the cortisol assay was 1.0 ng/ml, and intra-and interassay coefficients of variation (CV) were 5.3% and 6.7%, respectively.
Data Analysis
There were at least three replicates for each treatment unless otherwise stated. Percentage data were arc sine transformed and analyzed with ANOVA; the Duncan multiple comparison test was used to locate differences. The software used was Statistics Package for Social Sciences (version 11.5; SPSS, Inc.). Data were expressed as means 6 SEM, and a P value of ,0.05 was considered significant.
RESULTS

Restraint Stress Increased Levels of Serum Corticosterone and Cortisol
To evaluate the mice's stress responses to the restraint systems used, mice were exposed to restraint for different times. Blood samples were collected for hormone assays immediately or after a 1-h recovery at the end of the stress period. Both corticosterone and cortisol levels increased significantly following acute restraint stress for 1, 24, or 48 h, but they returned to the levels observed in unstressed control mice after a 1-h FIG. 2. Serum corticosterone and cortisol concentrations in control mice and mice exposed to different acute restraint treatments. Zero is the time for the onset of the experiment, and e is the time for eCG injection. Solid lines are restraint periods, whereas dotted lines represent nonrestraint periods. Each treatment was repeated 4 times using blood samples from 4 individual mice and blood from each mouse was assayed for both corticosterone and cortisol. Values without a common letter above their bars differ significantly (P , 0.05).
HISTONE MODIFICATION AND OOCYTE COMPETENCE recovery period following restraint for 48 h (Fig. 2) . Another study in this laboratory showed that chronic restraint stresses with 8-h restraint daily for 4, 8, 15, or 23 days all increased mouse serum levels of cortisol and corticosterone significantly (Gong et al., unpublished data). Taken together, the results suggested that all the restraint systems used in this study stressed the animals consistently and did not have any after-effect.
Effects of Restraint Stress on GV Chromatin Configurations of Mouse Oocytes
Female mice were restrained for 24 or 48 h or for 23 days. At the end of restraint, some mice were euthanized to collect oocytes for examination for chromatin configuration, and others were injected with eCG. At 48 h after eCG injection, the mice were euthanized to recover oocytes for examination of chromatin configurations. Three patterns of chromatin configuration were observed following Hoechst staining (Fig. 3) . In the NSN pattern, chromatin was the least condensed, with sparse heterochromatin granules that did not surround the nucleolus. Both the SN and the IN oocytes were characterized by heterochromatin-enclosed nucleoli. However, although the chromatin in SN oocytes was the most condensed, with almost no diffuse chromatin, the chromatin in IN oocytes was less condensed, always with some diffuse chromatin observed in the nucleoplasm. Without eCG treatment, restraint for 24 or 48 h or for 23 days all decreased the percentages of SN oocytes significantly (Table 1) . Following a 48-h postrestraint recovery, however, the percentages of SN oocytes in all restraint groups increased to the level observed in the unstressed control oocytes. Priming with eCG either before or after restraint maximized oocyte SN percentages in both stressed and unstressed control mice. Together, results suggest that restraint stress inhibits oocyte NSN-to-SN transition in a reversible manner and that gonadotropin promotes the transition.
Effects of Restraint Stress on In Vitro Embryo Development Following Sr 2þ Activation of Mouse Oocytes
Female mice were restrained for 24 or 48 h or for 23 days. At the end of restraint, the mice were injected with eCG. At 48 h after eCG injection, the mice were euthanized to recover oocytes for in vitro maturation. Mature oocytes were treated with SrCl 2 for activation, and activated oocytes were cultured for embryo development. Neither oocyte maturation rates (ranging from 97% to 100%) nor activation rates (ranging from 95% to 98%) differed between treatments. Although rates of 4-cell embryos and blastocysts and cell number per blastocyst in oocytes stressed for 24 h did not differ from those of control oocytes, the rates and numbers in oocytes stressed for 48 h or 23 days decreased significantly compared to those of control oocytes (Table 2) . Results suggested that while restraint for 24 h had no effect, restraints for 48 h or 23 days impaired oocyte developmental potential significantly.
Effects of Restraint Stress on In Vivo Embryo Development of Mouse Oocytes
Female mice were restrained for 48 h or 23 days. At the end of restraint, the mice were injected with eCG. At 48 h after eCG injection, the mice were injected with hCG and placed with the males overnight. The next morning, mice were examined for the presence of vaginal plugs, and females with vaginal plugs were euthanized 3 days later for embryo collection. After the number of blastocysts collected from each mouse was recorded, some blastocysts were processed for cell counting, and the remaining blastocysts were transferred to the pseudopregnant recipients. Both the number of blastocysts obtained per mouse and the cell counts per blastocyst were lower significantly in the stressed mice than in the unstressed mice (Table 3) . After embryo transfer, although the average number of young per recipient decreased, the birth weight of the young increased significantly in stressed donors compared 
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to those in unstressed donors. Together with the results from the above in vitro experiment, these data suggest that although some of the oocytes stressed for 48 h or 23 days had recovered their SN configuration, they failed to regain the competence to sustain early embryonic development.
Effects of Restraint Stress on Histone Epigenetic Modification of Mouse GV Oocytes with Different Chromatin Configurations
Female mice were restrained for 48 h. At the end of restraint, some mice were euthanized to collect oocytes for examination for histone modifications, whereas others were injected with eCG. At 48 h after eCG injection, the mice were euthanized to recover oocytes for examination of histone modifications. Restraint stress significantly decreased levels of H3K14 and H4K12 acetylation and H3K4me2 and H3K9me2 methylation in SN oocytes, and eCG injection could not correct stress-induced decrease in histone modifications (Fig. 3 , Table  4 ).
The level of histone acetylation and methylation in unstressed control SN oocytes decreased significantly after eCG injection (Table 4) . Because this result contradicted the fact that eCG priming promoted NSN-to-SN transition and improved developmental potential of oocytes, an experiment was conducted to verify whether eCG had indeed impaired histone modification or had advanced the peak of histone modification. Unstressed mice were injected with eCG, and oocytes were collected at different times after eCG injection for examination. Results showed that both the percentage of SN oocytes and the level of histone acetylation/methylation in the SN oocytes peaked at 24 h after eCG injection. However, although the SN percentage did not change thereafter, histone modification levels decreased significantly (Table 5) . Results confirmed that eCG did not impair histone modification but rather advanced its peak in the SN oocytes.
To assess the effect of restraint stress on oocyte histone phosphorylation, mice were restrained for 48 h without eCG injection. At the end of restraint, the mice were euthanized to collect SN oocytes for Western blot analysis. Results showed that, unlike the levels of acetylated and methylated histones, which decreased after stress, the level of phosphorylated H3S10 increased significantly in the stressed SN oocytes (Fig.  4) .
DISCUSSION
Although previous studies indicated that restraint stress caused aneuploidy and impaired developmental potential of mouse oocytes [25, 26] , the underlying mechanisms are unclear. It is known that SN mouse oocytes are more competent than NSN oocytes in both maturation [2, 3, 28] and postfertilization development [29] and that they also show higher levels of histone acetylation/methylation than the NSN oocytes [11] [12] [13] . However, whether it is the SN configuration or the increased histone modification that is responsible for the increased developmental potential of SN oocytes remains to be specified. The present results showed that restraint for 48 h or 23 days impaired NSN-to-SN transition, histone acetylation/ methylation in SN oocytes, and oocyte developmental potential. However, although the percentage of stressed SN oocytes returned to normal after a 48-h postrestraint recovery, neither histone acetylation/methylation in SN oocytes nor developmental competence recovered following postrestraint recovery with eCG injection. We concluded therefore that 1) the SN chromatin configuration is uncoupled from increased histone acetylation/methylation in the restraint-stressed oocytes and that 2) restraint stress diminishes oocyte development potential with impaired chromatin histone modification. Our work in progress has also shown that, whereas percentages of SN oocytes increase, both histone acetylation and methylation and development to blastocysts decrease significantly following heat preservation of mouse ovaries at 398C for 2 h (unpublished data). Thus, both restraint-and heat-stressed oocytes can be used for models to study the relationship between chromatin configuration and histone modification in determining oocyte competence, because the SN chromatin configuration is dissociated from the increased histone acetylation/methylation in these stressed oocytes.
The present data showed that restraint stress in females inhibited the NSN-to-SN transition of mouse oocytes. Our recent study indicated that restraint stress initiated a latent apoptotic program in cumulus cells and oocytes during their intraovarian development, which was executed later during in vitro maturation to impair oocyte competence [30] . This suggested that the latent apoptotic program initiated by the restraint stress should have impaired oocyte competence by inhibiting the NSN-to-SN transition. However, it was reported that factors causing follicle atresia (apoptosis), such as aging, suboptimal in vitro culture, serum starvation, and ovary holding below or above body temperature, tended to increase the proportion of oocytes with the SN configuration in mice [4, 31] and in large animals [6] . Therefore, the latent apoptotic program initiated by restraint stress in the ovary might be different from the apoptotic program initiated by other atresiainducing factors in that restraint stress impaired oocyte competence by inhibiting but not by enhancing the NSN-to-SN transition.
The present results demonstrated that restraint stress significantly decreased the relative levels of H3K14 and H4K12 acetylation and of H3K4me2 and H3K9me2 methylation in SN oocytes. Effects of stress on histone modification of GV oocytes have not been reported to our knowledge, but changes in histone acetylation and methylation similar to those observed in the current study were observed in oocytes from aged mice. For example, Manosalva and González [32] observed that acetylation of H4K12 and H4K16 decreased in old GV oocytes compared to those in young oocytes. They also found that, although young GV oocytes showed dimethylation of H3K4me2, H3K9me2, H3K36me2, H3K79me2, and H4K20me2 and trimethylation of H3K9me3, a significant percentage of old GV oocytes lacked H3K9me3, H3K36me2, H3K79me2, and H4K20me2 [33] . Furthermore, it was found that H3K27me3 and H4K20me2 levels decreased in oocytes from mycotoxin-fed mice [34] and that exposure to bisphenol A during follicle culture caused significant decreases in histone H3K9 trimethylation [35] .
In the present study, the percentage of SN oocytes was unaffected when a restraint was applied after eCG injection, suggesting that gonadotropin stimulation overcame the adverse effect of restraint and promoted NSN-to-SN transition. Furthermore, this study demonstrated that histone acetylation and methylation in SN oocytes peaked at 24 h after eCG HISTONE MODIFICATION AND OOCYTE COMPETENCE injection but decreased significantly thereafter. This suggested that eCG stimulation 1) had expedited histone modification to an early completion and 2) had facilitated the chromosome condensation process in preparation for germinal vesicle breakdown (GVBD), because Bui et al. [36] reported that histone H3 was deacetylated at K9, K14. and K18 as the chromosomes condensed and that inhibition of histone H3 deacetylation with trichostatin A inhibited post-GVBD chromosome condensation in pig oocytes. Gonadotropin stimulation of follicles induced an increase in the proportion of SN oocytes in mice [4, 31] and rabbits [37] . In rabbits, eCG stimulation also expedited RNA synthesis to an early and full completion.
This study indicated that the increased histone acetylation/ methylation in SN oocytes is crucial for embryonic development. How a high level of histone acetylation/methylation in the SN oocytes increases their developmental potential is not known. However, it is known that almost all of the histone modifications are reversible, and their implementation and removal are fundamental to the regulation of a diverse set of biological processes such as replication, repair, recombination, transcription, and RNA processing [38, 39] . There is apparently no DNA replication occurring in SN oocytes, because at the leptotene stage, each chromosome has already duplicated itself in the preceding S phase. Although mouse NSN oocytes were actively transcribing, SN and partial SN oocytes were silent in relation to pol I-and pol II-dependent transcription [31, 40] . Furthermore, preimplantation development is regulated by maternal effect factors such as mRNAs, siRNAs, and transcription factors that are accumulated during oocyte growth [41] . Thus, the increased histone acetylation/ methylation in the SN oocytes may increase their developmental potential by promoting RNA processing, which is important for normal function of mRNAs and micro-RNAs to regulate gene expression in early development. In addition, the zygote also inherits from the egg other epigenetic mechanisms regulating gene expression, the best known of which are DNA methylation, histone modifications, and chromatin organization [42] . According to Zuccotti et al. [43] , maintenance of a favorable transcriptional epigenetic context in the heterochromatin of transcriptionally silent SN oocytes might be related to the early stages of development when transcripts from these heterochromatic regions are functional to preimplantation progression.
The present results showed that whereas the relative levels of acetylated H3K14 and H4K12 and methylated H3K4 and H3K9 in the SN oocytes decreased, the level of phosphorylated H3S10 increased significantly following restraint treatments of mice for 48 h. The interactions between different histone modifications are very complicated and currently not understood, but there is evidence that histone phosphorylation is associated with deacetylation and demethylation. For example, it was shown in somatic cells that methylation of lysine 9 of histone H3 interferes with phosphorylation of serine 10 [44] . When the fully grown pig oocytes started maturation, histone H3 became phosphorylated at S28 and then at S10, and deacetylated at K9, K14, and K18 as the chromosomes condensed [36] . After activation of mature pig oocytes, histone H3 was reacetylated and dephosphorylated concomitant with the decondensation of chromosomes. Furthermore, inhibition of histone deacetylase with trichostatin A inhibited the deacetylation and phosphorylation of histone H3, and chromosome condensation.
In summary, the present results indicated that 1) restraint stress on female mice impaired oocyte potential and disturbed histone modifications; 2) the SN configuration was uncoupled from the increased histone acetylation/methylation in restraintstressed oocytes; and 3) the developmental potential of SN oocytes was more closely correlated with epigenetic histone modifications than with chromatin configuration. These data are important for our understanding of the mechanisms by which restraint stress impairs oocyte developmental potential and how the epigenetic factors influence oocyte cytoplasmic maturation. Meanwhile, the study has also provoked new topics for future research, for example, how restraint stress inhibits NSN-to-SN transition; how a high level of histone acetylation/methylation increases the developmental potential of the SN oocytes; and how different histone modifications interact during the NSN-to-SN transition. Answers to these questions, together with the present results, will form a more complete picture of how environmental and epigenetic factors regulate oocyte maturation.
